We demonstrate that second harmonic generation in plasmonic nanowire composites can be described by an effective bulk susceptibility which depends on the geometry of the composite, and present an analytical description of this phenomenon.
OCIS codes: (160.3918) Metamaterials, (050.1755) Computational electromagnetic methods, (250.5403) Plasmonics Nonlinear optical processes are at the core of optical communication, sensing, and optical computing technologies [1] . Although metals and other plasmonic materials are known to provide local field enhancement that can be beneficial for nonlinear processes, their centrosymmetric lattice prohibits second harmonic generation (SHG) in dipolar approximation [2] . At the same time, metals do generate (typically, weak) SHG signal due to quadrupole and magnetodipolar terms. Here we demonstrate, experimentally, analytically, and numerically, strong SHG originating from the plasmonic nanowire metamaterial. The SHG in the composite can be described by introducing effective bulk nonlinear susceptibility. The magnitude of this effective is comparable to that of common nonlinear crystals. The emergence of strong effective nonlinearity shaped by the metamaterial geometry opens a new design paradigm for nonlinear optics.
Nanowire metamaterials, formed by arrays of aligned plasmonic nanowires embedded in a dielectric host ( Fig. 1a) , represent a flexible platform to realize uniaxial materials with either elliptic or hyperbolic dispersion of ppolarized waves [3] , that can be used for biosensing and acousto-optical applications [4] . Effective permittivity of wire metamaterials can be designed by adjusting wire radii , inter-wire separation , and the operating wavelength . Typical dependence of components of permittivity tensor on the wavelength is shown in Fig.1b . Fig.1c -d compares the reflectivity of the 150-nm-thick sample with with predictions of full-wave solutions of Maxwell equations that are in full agreement with each other. Importantly, predictions of effective medium theory (not shown) agree with full wave solutions of Maxwell equations.
Second harmonic generation in the composite was analyzed using light from the optical parametric amplifier. In order to compensate for fluctuations of intensity and pulse duration of the pump radiation, the second harmonic signal was normalized to a reference SHG from -BBO crystal. SHG spectrum of the composite is shown in Fig. 1e . SHG generation in nanowire was modeled with full wave numerical solutions of Maxwell equations using hydrodynamic model. In this process, we first calculate the distribution of electromagnetic fields inside the metamaterial at pump frequency. Next, we use hydrodynamic model for plasmonic nonlinearity [5] to calculate the distribution of the nonlinear current via (1) where and are the electron mass and charge, respectively, is the effective scattering rate, is electron density, and , , and are free-charge current, electric, and magnetic fields at the frequency . Finally, the nonlinear current distribution is used to calculate the emission of the second-harmonic light. Theoretical predictions of SHG spectrum are shown in Fig. 1g . It is seen that the numerical model adequately describes experimental data.
Further analysis of Eq.(1) allows to split the full nonlinear source term into two distinct sub-terms. The components for the first subgroup, result from the fields and the currents that contribute to non-vanishing components of the effective medium fields at the fundamental frequency; for example, for s-polarized pump this group is given by . The second group contains the remaining terms in the expressions for from Eq.(1). As seen from Fig.1f , the first group dominates SHG response. The unit-cell-averaged nonlinear polarization generated by the components of the first group can be represented as quadratic form where Greek indices represent Cartesian coordinates and parameters and play the role of bulk (dipolar-like) nonlinear susceptibility.
The components of effective nonlinear polarizability can be calculated analytically (not shown here). These expressions have explicit dependence on components of the wavenumber, indicating the true (structural) origin of the nonlinear response of the composite. For practical nanowire composites operating in visible/near-IR frequency range the components of the effective second order nonlinearity ESU explaining strong nonlinear response of the metamaterial. Fig.1h shows predictions of second harmonic generation when effective medium theory is used to calculate the distribution of nonlinear current via Eq. (2) . Apart from small red-shift of the spectrum, effective medium theory developed in this work correctly describes nonlinear response of the nanowire metamaterials. This work has been partially supported by US Army research office (Grants No. W911NF-12-1-0533 & W911NF-16-1-0261), EPSRC (UK) and ERC iPLASMM project.
